Trichoplax, a member of the phylum Placozoa, is a tiny ciliated marine animal that glides on surfaces feeding on algae and cyanobacteria. It stands out from other animals in that it lacks an internal digestive system and, instead, digests food trapped under its lower surface. Here we review recent work on the phenotypes of its six cell types and their roles in digestion and feeding behavior. Phylogenomic analyses place Placozoa as sister to Eumetazoa, the clade that includes Cnidaria and Bilateria. Comparing the phenotypes of cells in Trichoplax to those of cells in the digestive epithelia of Eumetazoa allows us to make inferences about the cell types and mode of feeding of their ancestors. From our increasingly mechanistic understanding of feeding in Trichoplax, we get a glimpse into how primitive animals may have hunted and consumed food prior to the evolution of neurons, muscles, and internal digestive systems.
Introduction
The origin of the gut may represent the most important innovation in metazoan history, leading to coevolutionary arms races that some workers have hypothesized are the ultimate cause of the Cambrian radiation. Sperling and Vinther (2010) Dev. Evol. 12: 201. All animals on earth today are descendants of a cell or colony of cells that lived over 600 million years ago. The cell/s probably resembled choanoflagellates, eukaryotic cells that are the closest sister to Metazoa (Brunet and King 2017; Cavalier-Smith 2016; King 2004; King et al. 2008; Nielsen 2008) . Choanoflagellates possess a motile cilium surrounded by a collar of microvilli linked together by distinctive vanes. Beating of the cilium draws bacteria into the collar, where they are endocytosed and digested intracellularly (Dayel and King 2014) .
Porifera, long thought to be the most ancient animals (although see Dunn et al. 2008; Moroz et al. 2014; Ryan et al. 2013; Whelan et al. 2017; Whelan et al. 2015) , are sessile filterfeeders. Their bodies are perforated by a system of aquiferous canals with openings to the external surface through which water can flow in or out. Choanocytes, a type of cell in the lining of their canals, resemble choanoflagellates in that they possess an apical cilium surrounded by a collar of microvilli with interconnecting vanes (reviewed by Brunet and King 2017; Mah et al. 2014) . The cilia are motile and their beating generates water currents that carry bacteria into the canals where they are endocytosed and digested intracellularly by choanocytes and other cells that line the canals (Leys and Eerkes-Medrano 2006) .
Choanoflagellates and most Porifera only can eat organisms that are much smaller than a eukaryotic cell. Other animals evolved mechanisms for extracellular digestion, which opened the way to feeding upon larger prey (reviewed by Fankboner and Columbia 2002; Monk and Paulin 2014; Nielsen 2012; Peterson et al. 2012; Sperling and Vinther 2010; Yonge 1937) . Ctenophora, Cnidaria, and Bilateria ingest food through their mouths into an internal digestive system whose lining contain cells that secrete digestive enzymes to breakdown food and absorptive cells that take up the products of digestion. The digestive systems of most animals also include sensory/endocrine cells that secrete a chemical signal such as a peptide, hormone, or neurotransmitter, cells that secrete mucous and contractile cells (reviewed by Fankboner and Columbia 2002; Harrison and Westfall 1991; Takashima et al. 2013) . The digestive epithelium and the muscles associated with it are innervated by an enteric nervous system that is separate from, but communicates with, the nervous system that receives sensory input from outside the animals and controls the somatic musculature (Furness and Stebbing 2018; Kaelberer et al. 2018) .
The evolution of animals with internal digestive systems, muscles, and nervous systems required numerous innovations. No fossil has been found that could represent an animal at an intermediary stage in this process (reviewed by Droser and Gehling 2015; Erwin 2015) . However, there are extant animals whose body plan and lifestyle might be similar to such an animal. They are members of the phylum Placozoa (reviewed by Arendt et al. 2015; Knoll 2011; Nielsen 2008; Schierwater 2005; Sperling and Vinther 2010) .
Placozoa are small, flat, ciliated animals that glide on substrates in warm oceans feeding on cyanobacteria and microalgae, which they digest externally in the narrow space between their lower epithelium and the substrate (Grell and Ruthmann 1991; Schulze 1891; Smith et al. 2015) . They possess just six morphologically distinct cell types (Smith et al. 2014) , fewer than any other animals except some larval or parasitic animals. Although they lack neurons and muscles, they display coordinated behavior during feeding (Smith et al. 2015) and are capable of chemotaxis (Smith et al. 2019) .
Trichoplax adhaerens, discovered and named by Franz Schulze (1883) , is the best known member of the phylum. Several additional haplotypes have been identified by sequencing genes from placozoans collected from oceans in different parts of the world (Eitel et al. 2018; Pearse and Voigt 2007; Signorovitch et al. 2006; Voigt et al. 2004) .
Comparison of the genome of Trichoplax with that of another placozoan, Hoilungia hongkongensis, revealed that they differed by a degree corresponding to different genera in other basal metazoan phyla (Eitel et al. 2018) . However, all placozoans that have been studied so far have the same morphological cell types and similar body plans (Eitel et al. 2018; Guidi et al. 2011; Smith et al. 2014 ) and they exhibit the same behaviors during feeding (Smith et al. 2015; Ueda et al. 1999) . A clone of Trichoplax established by Karl Grell (Grell 1971) has been the subject of most research on Placozoa. Placozoans propagate by fission in the laboratory, and consequently, almost nothing is known about their embryology. However, there is morphological and molecular evidence of sexual reproduction among placozoans Grell and Ruthmann 1991; Signorovitch et al. 2005) .
Phylogenetic trees based on comparative anatomy placed Porifera as the oldest metazoan phylum and Placozoa as second oldest (reviewed by Dohrmann and Wörheide 2013; Nielsen 2012) . Cnidaria, Ctenophora, and Bilateria were thought to have diverged later. More recent analyses based on phylogenomics have challenged this view with some studies concluding that Ctenophora is the oldest phylum and Porifera second oldest, or vice versa (reviewed by King and Rokas 2017) . Although the phylogenetic placements of Ctenonphora and Porifera continue to be debated, most analyses agree that Placozoa is sister to the clade that includes Cnidaria and Bilateria (Dunn et al. 2008; Moroz et al. 2014; Pett et al. 2019; Ryan et al. 2013; Simion et al. 2017; Srivastava et al. 2008; Whelan et al. 2017 Whelan et al. , 2015 .
Here we review recent work elucidating the body plan, cell types, and feeding behavior of Trichoplax. Comparing the phenotypes of cells in Trichoplax to those of cells in the digestive epithelia of other animals allows us to make inferences about the cell types and mode of feeding of their ancestors. From the biology of Trichoplax, we get a glimpse into how primitive animals may have hunted and consumed food prior to the evolution of neurons, muscles, and internal digestive systems.
Overview of body plan and cell types
Trichoplax are about a millimeter in diameter but only about 20 μm thick. Their shapes are irregular and constantly changing; they have no axis of symmetry. Our description of their body plan and cell types is based on studies of animals prepared by freezing and freeze substitution (Buchholz and Ruthmann 1995; Eitel et al. 2018; Ruthmann et al. 1986; Smith et al. 2014) because these procedures preserve the cells better than chemical fixation (Grell and Ruthmann 1991; Grell and Benwitz 1971; Guidi et al. 2011) . A schematic view of a cross section near the edge of the animal (Fig. 1) illustrates the locations and shapes of its six cell types. The columnar epithelium on the ventral side of the animal, the side that faces the substrate, contains three types of cells: (1) cells with a motile cilium and microvilli on their apical ends, referred to here as ventral epithelial cells (VEC); (2) lipophil cells, so named because of their content of large lipophilic granules; and (3) gland cells, a generic name used for secretory cells with smaller granules. The dorsal epithelium is paved by polygonal apices of flask-shaped cells whose cell bodies protrude below. In between the dorsal and ventral epithelium is a layer of cells with long branching processes, known as fiber cells. Crystal cells, which are reported to be gravitysensing cells (Mayorova et al. 2018a ) also are located in the interior layer, but only near the edge of the animal.
All cells in the epithelium are joined by apical belt junctions that manifest features of adherens junctions in epithelia of Eumetazoa (Cnidaria plus Bilateria; Ruthmann et al. 1986; Smith and Reese 2016) . Membrane appositions marked by periodic material in the intercellular cleft often are present beneath the apical adherens junctions, but these do not represent true junctions because they separate in animals treated with hypertonic seawater; only the adherens junctions remain intact (Smith and Reese 2016) . The adherens junctions fix the positions of cells relative to one another but provide only a leaky barrier to diffusion of molecules through the intercellular gaps. Molecules smaller than 10 kDa rapidly diffuse through the junctions and into the interior of the animal. Gap junctions are common among epithelial cells in Ctenophora, some classes of Cnidaria and Bilateria, but gap junctions are not present in Placozoa and no panexins/innexins have been found in their genomes (Eitel et al. 2018; Moroz and Kohn 2016; Srivastava et al. 2008) . Fiber cells are interconnected by infrequent syncytial junctions where the membranes of adjoined cells are continuous but their cytoplasm separated by an electron dense septum (Buchholz and Ruthmann 1995; Grell and Benwitz 1974; Smith et al. 2014) . These junctions resemble syncytial junctions in Hexactinellid sponges, which are electrically coupled (Mackie and Singla 1983) , and the colonial choanoflagellate Salpingoeca rosetta (Dayel et al. 2011 ).
Feeding behavior
The gliding motility of Trichoplax is propelled by the cilia of VEC, which beat regularly, but asynchronously, and transiently contact the substrate during each stroke (Smith et al. 2015) . Trichoplax migrate aimlessly when cultured on a uniform lawn of algae or artificial food. Their trajectories resemble those of random walkers (Ueda et al. 1999) . However, in the presence of a focal concentration of food, they exhibit chemotaxis, moving preferentially in the direction of the food (Smith et al. 2019) . Chemotaxis toward a focal concentration of glycine also has been reported (Heyland et al. 2014) . Chemotaxis has been proposed to arise from directed movement of the ciliated VEC, each independently sensing and responding to the chemoattractant (Smith et al. 2019) .
When a gliding animal encounters food, it gradually slows down and then, quite suddenly, becomes almost completely stationary (Smith et al. 2015) . Pausing is accompanied by arrest of ciliary beating. The initiation of digestion is evident in fluorescence images because the lysed algae release fluorescent phycoerythrin ( 
Absorptive cells
The absorptive cells have been identified by visualizing uptake of tracers such as ferritin (Ruthmann et al. 1986) , Fig. 2 a-f Trichoplax feeding on Rhodomonas algae. Algae appear as tiny red specks due to their content of fluorescent phycoerythrin. At 8 to 24 s, groups of algae under the paused Trichoplax release their contents, indicating that they have been lysed by digestive enzymes secreted from the animal. Note that the animal is stationary during feeding. At 408 to 440 s, the animal has crawled over a fresh patch of algae and again pauses to feed. Merged transmitted light and fluorescence images (543-nm illumination) from a confocal microscope. Scale bar − 200 μm. Reproduced from (Smith et al. 2015) horseradish peroxidase (HRP), and fluorescent dextrans (Smith and Reese 2016) . The tracers are rapidly endocytosed by ciliated VEC. The presence of coated pits on exterior surfaces of VEC suggests that uptake involves clathrin-mediated endocytosis. The endocytic vesicles increase in size over time, probably due to fusion with other vesicles. Over the course of days, fluorescent dextrans appear in vesicles in other cell types, suggesting the presence of mechanisms for transcytosis (C. Smith, unpublished) .
Trichoplax VEC resemble choanoflagellates, choanocytes of Porifera and the absorptive cells in the digestive epithelia of Ctenophora, Cnidaria, and many Bilateria (lower deuterostomes and lophotrochozoans) in that they have a motile cilium surrounded by microvilli (Goldberg and Taylor 1989; Harrison and Westfall 1991; Nielsen 2012; Takashima et al. 2013) . Cilia in these animals propel fluid flow, rather than serving for locomotion as in Trichoplax. Ciliated cells are found in many eukaryotic taxa, but cells with an apical cilium surrounded by microvilli are present only in Choanozoa (reviewed by Brunet and King 2017) , the clade that includes Choanoflagellates and Metazoa.
Ciliated absorptive cells, including those in Trichoplax, endocytose the nutrients released from food by the action of extracellular digestive enzymes and digestion is completed intracellularly via the lysosomal pathway. In most chordates and ecdysozoans, food is broken down into molecules by extracellular digestive enzymes and the molecules are taken up by transporters rather than by endocytosis (reviewed by Takashima et al. 2013) . The absorptive cells in these animals generally lack a cilium and instead have numerous, long microvilli.
Lipophil cells secrete digestive enzymes
Lipophil cells are uniformly distributed across the ventral epithelium, but are absent in a 100-μm wide region near the rim (Smith et al. 2014) . Their granules are visible in living animals due to their uptake of fluorescent lipophilic and acidophilic dyes. After an animal has crawled onto a patch of algae and paused, lipophil cells in the close vicinity (< 15 μm) of algal cells secrete a large granule and the contents of these granules lyse the algae within 1 s ( Fig. 3 ; Online resource, Movie 2).
Lipophil cells in different parts of the animal secrete a granule at about the same time. The accurate targeting of the secretory events suggests that a yet to be identified cell type detects algae and triggers secretion from nearby lipophil cells, while the temporal coordination of secretory events in different parts of the animal would seem to require a mechanism for long-range communication.
Lipophil cells viewed in thin sections from samples prepared by freezing and freeze substitution have numerous large granules throughout their interior with one very large granule (~3 μm) in close apposition to the apical plasma membrane (Fig. 4 ; Smith et al. 2015) . Only the large granule is secreted during feeding. The content of the granules for the most part is electron lucent although patches of dark material often are present (Fig. 4a, b) . The pale areas may have lost their contents during freeze substitution as the content appears more uniformly electron dense in cryosections from rapidly frozen samples (Fig. 4c) .
Gastrodermal cells that secrete digestive enzymes in Cnidaria and Bilateria contain zymogen granules whose content appears dark and homogeneous in thin sections from chemically fixed material (reviewed by Goldberg and Taylor 1989; Harrison and Westfall 1991; Takashima et al. 2013) . Zymogens are the packaged precursors of digestive enzymes (Tang 1979; Tang and Wong 1987) . Analyses of the Trichoplax proteome (Ringrose et al. 2013 ) and transcriptome (Wong 2018) showed high expression of the precursors of digestive enzymes such as trypsin, chymotrypsin, and carboxypeptidase D, which are utilized for both intracellular and extracellular digestion, and phospholipase A2/1B, the type of phospholipase secreted by mammalian pancreatic acinar cells (Pandol 2010 ). Single-cell RNA sequencing in Trichoplax (Sebé-Pedrós et al. 2018) showed that all of these enzyme precursors are co-expressed in a distinct cell type. Fluorescence in situ hybridization with probes against Trichoplax trypsin, chymotrypsin, and phospholipase A2 confirmed that spatial distribution of cells expressing these enzymes matches that of lipophil cells labeled with a lipophilic dye (C. Smith and T. Mayorova, unpublished observations). There is experimental evidence that lipophilic granules in Trichoplax contain toxins (Jackson and Buss 2009 ) and several toxins have been identified in the Trichoplax genome (Jackson and Buss 2009; Kim et al. 2018 ). To our knowledge, lipids have not been detected in digestive granules in animals other than Placozoa. However, digestive cells in many animals contain specialized enzymes for lysing and digesting the particular organisms that they eat (Jouiaei et al. 2015; Navarrete del Toro and García-Carreño 2018; Yonge 1937) .
In Ctenophora, food is digested in the oral cavity and pharynx (Bumann and Puls 1997) , and it has been suggested that the digestive enzymes may be secreted by a type of cell that contains granules whose content appears finely granular by electron microscopy (Hernandez-Nicaise 1991). Precursors for secreted trypsin/chymotrypsin and carboxypeptidase D have been identified in transcriptomes from Mnemiopsis leidyi and Hormiphora californiensis (A. Senatore, personal communication), but phospholipase A2 has not been found.
Gland cell types
Three morphologically distinct types of gland cells are evident in the ventral epithelium by electron microscopy (Mayorova et al. 2018b ): (1) Type 1 cells, which contain large (~500 nm) granules whose content appears uniformly dark gray, but sometimes has a dense core. These cells bear an apical cilium and microvilli. (2) Type 2 cells contain electron-lucent granules~300 nm in diameter and have apical microvilli but no cilium. (3) Type 3 cells contain light gray granules~250 nm in diameter and have both a cilium and microvilli. Each of these cell types has a distinctive distribution within the animal. Recent work demonstrates that the granules of type 2 cells contain mucous and immunolabel for a peptide that arrests ciliary beating when applied to the seawater surrounding a gliding animal, as is discussed below. Several additional types of peptidergic cells have been identified by immunofluorescence (Varoqueaux et al. 2018 ) and some of them are in positions roughly corresponding with those of type 1 and type 3 gland cells.
Mucous cells
The entire epithelium of Trichoplax is coated with a thin layer of mucous that binds to wheat germ agglutinin (WGA; Mayorova et al. 2018b) . Gliding animals leave a trail of mucous in their wake and, when they pause to feed, leave a ring of mucous marking the spot where they stopped. Mucous cells are columnar in shape and incorporated in the ventral epithelium. They are most prevalent around the rim of the animal but also present in moderate numbers further inside. Electron microscopy with nanogold-conjugated WGA showed that the lectin was inside the electron-lucent granules of type 2 gland cells. These cells also express voltage-gated calcium channels and proteins involved in calcium-regulated secretion (Senatore et al. 2016; Smith et al. 2014 ) and some of them label for a neuropeptide (see next section).
Mucocytes are prevalent in the mouths and digestive tracts of Ctenophora, Cnidaria, and Bilateria (reviewed by Harrison and Westfall 1991; Takashima et al. 2013 ). The mucouscontaining granules are much larger than those in type 2 gland cells and appear irregular in shape and fused together in samples prepared with chemical fixatives (Harrison and Westfall 1991) but are oval and clearly separated in samples prepared by freezing and freeze substitution (Ichikawa et al. 1987; Sandoz et al. 1985) . Mucous serves as a vehicle for transport Fig. 3 Lipophil granule secretion in a Trichoplax feeding on Rhodomonas algae. Field of lipophil granules (large orange spheres) stained with an acidophilic dye near a clump of algae and algae debris (yellow-green) prior to (a) and following (b) granule secretion (cyan circles; time interval 308 ms). Secreted granules (yellow arrowheads in b) enlarge and become greener due to uptake of a green lipophilic dye. Scale 20 μm. Reproduced from (Smith et al. 2015) of food into the digestive cavity/tract and to expel undigestible material and feces. Mucous also protects the digestive epithelium from harmful molecules, such as digestive enzymes, and microorganisms (Bakshani et al. 2018; Dias et al. 2018; Liévin-Le Moal and Servin 2006) . Mucocytes have not been reported in adult Porifera, but mucous-secreting cells are present in larval sponges (Homoscleromorpha-Ereskovsky et al. 2007 ; Demospongiae- Leys and Degnan 2001) . In Oscarella (Homoscleromorpha) larvae, cells at the anterior pole secrete mucous while the larvae are attaching to the substrate prior to metamorphosis.
Gel-forming mucins are the main component of mucous in vertebrates, although mucous includes many additional components. Sequences for proteins with domains (VWD, C8, and Til) characteristic of vertebrate gel-forming mucins have been found in representatives of all metazoan phyla except Porifera (Adams 2013; Lang et al. 2016; Lang et al. 2007) . A mucinlike protein with VWD and C8 domains is present in the choanoflagellate, Salpingoeca rosetta (http://www.medkem. gu.se/mucinbiology/databases/). Interestingly, mucin appears to have a role in colony formation in S. rosetta because WGA stains the surfaces of colonial cells and cells competent to form colonies, but not solitary cells (Dayel et al. 2011) , suggesting that the original function of mucin may have been to mediate cell adhesion.
Peptidergic gland cells
The first evidence that neuropeptides might have a role in controlling the locomotor activity of Trichoplax came from a study in which animals were bathed with synthetic peptides (Senatore et al. 2017) . Two peptides originally identified as endogenous ligands for mu-type opioid receptors in mammalian brain, endomorphin 1 (YPWFamide) and endomorphin 2 (YPFFamide), reliably elicited a pause in gliding accompanied by arrest of ciliary beating. The animal ceased moving 2 min after addition of the peptide and remained stationary for about 3 min, similar to the duration of pauses that occur during feeding.
Antiserum against YPFFamide labeled a row of cells near the edge of the animal and a smaller number of cells further in the interior (Fig. 5a ). Double labeling with WGA lectin revealed that a large subset of the mucous-containing cells labeled for YPFFamide (Mayorova et al. 2018b) . Electron microscopy with immunogold labeling revealed that YPFFamide localized to clear granules of type 2 gland cells. That these mucous-secreting cells immunolabel for YPFFamide supports the idea that they contain a peptide but does not prove that the peptide is YPFFamide because antisera against peptides can cross-react (Conzelmann and Jékely 2012) . Indeed, YPFFamide antiserum cross-reacts with FMRFamide, a neuropeptide found in many invertebrates, and vice versa (Senatore et al. 2017) .
Secretory peptides are generated by cleavage and processing of a longer precursor protein, referred to as a prepropeptide (Fricker 2005; Hook et al. 2008; Jékely 2013; Mains et al. 1986) . A possible candidate for a YPFF-like prepropeptide (TaELP) was found in a Trichoplax transcriptome (Senatore et al. 2017) , but the predicted peptide, QDYPFFGN/S, is not expected to be amidated by the enzyme that converts an Nterminal glycine into an amide (Kumar et al. 2016 ). Nevertheless, antisera against a unique epitope in the prepropeptide labeled the same population of secretory cells marked by anti-YPFFamide (Fig. 5b, c) . Prepropeptide sequences for over a dozen peptides have been identified in Trichoplax (Jékely 2013; Nikitin 2014; Varoqueaux et al. 2018; Wong 2018) , and several of the predicted peptides (FFNPamide, ELPE, MFPF, and WPPF) were reported to elicit pausing when applied to the seawater around moving animals (Varoqueaux et al. 2018) . WPPF elicited pausing at concentrations > 1 μM (compared with 200 nM for YPFFamide), but the latency between application of the peptide and the initiation of pausing was~7 min, twice as long as the latency for YPFFamide. The latencies for the other peptides were even longer, and higher concentrations were needed to elicit pausing. Whether pauses elicited by these peptides are accompanied by arrest of ciliary beating remains to be demonstrated. At present, a YPPFamide-like peptide is the best candidate for the endogenous peptide that arrests ciliary beating during feeding. Senatore et al. (2017) hypothesized that YPFFamidecontaining secretory cells are chemosensory cells that secrete peptide upon activation by a signal emitted by algae. Location of the cells near the edge of the animal puts them in a good position to signal that the animal has crawled onto a patch of algae. To explain how a small number of secretory cells could elicit global arrest of ciliary beating, they proposed that the peptide-secreting cells bear receptors for the peptide they secrete. If so, then peptide secreted by a cell that sensed algae would activate secretion by its neighbors, thereby initiating a wave of secretion that would ultimately extend across the entire animal. In support of this suggestion, they cited observations indicating that chemical signals secreted by one animal elicit secretion in nearby animals.
The Trichoplax genome includes homologs of eumetazoan GPCR-type peptide receptors (Jékely 2013; Krishnan and Schiöth 2015; Nikitin 2014 ) and ionotropic peptide receptors (Assmann et al. 2014) . Responses mediated by GPCR are slow whereas those mediated by ionotropic receptors are faster. A rapidly acting type of receptor would seem to be required for communication between the secretory cells but GPCRs could mediate the gradual arrest of ciliary beating.
Interestingly, some sensory cells and neurons in the apical (aboral) organ of Ctenophora (Jager et al. 2011) , and in the tentacles and around the mouth of Cnidaria (Anderson et al. 2004; Grimmelikhuijzen et al. 1991; Koizumi 2016; Koizumi et al. 1992; Marlow et al. 2009; Mayorova and Kosevich 2013; Watanabe et al. 2009 ) label with antisera against FMRFamide, as do type 2 gland cells in Trichoplax. Similarity-based cluster analyses (Jékely 2013) and BLAST comparisons (Nikitin 2014) of prepropeptides in Trichoplax, Cnidaria, and Bilateria showed that Trichoplax has prepropeptides related to cnidarian and bilaterian Famides, RWamides, and insulin-like peptides. Prepropeptides have been identified in the genomes of Ctenophora but the predicted peptides are thought to be unrelated to those in other animals (Moroz et al. 2014) . Porifera apparently do not employ secretory peptides for intercellular communication because no prepropeptides have been detected in their genomes (Francis et al. 2017; Srivastava et al. 2010) . However, peptide signaling evolved long before the origin of Metazoa since prepropeptides and the enzymes needed to process them are present in the green algae Chlamydomonas reinhardtii (Luxmi et al. 2018 ).
Contractile cells
While Trichoplax feeds on algae, epithelial cells in the vicinity of lysed algae undergo rapid churning movements that may help to distribute the released nutrients (Smith et al. 2015 ; Online resource, Movie 2). Fiber cells lying above the epithelial cells also churn (Online resource, Movie 1). The processes of fiber cells ramify around and extend between cells in the ventral epithelium (Fig. 6) . If their branches are contractile, as has been suggested (Buchholz and Ruthmann 1995; Grell and Ruthmann 1991) , it is possible that they generate the churning movements. The processes of fiber cells are packed with filamentous actin, suggesting that they might have an actomyosin contractile apparatus. Although myofibrils have not been observed in fiber cells in ultrastructural studies, they might be difficult to detect if they are not organized into bundles. Dorsal epithelial cells are known to be contractile, but their contractile movements occur independently from cells in the ventral epithelium (Armon et al. 2018) , so they are unlikely to be involved in generating the churning movements.
Nature of the common ancestor of Placozoa and Eumetazoa
Currently, too little is known about the phenotypes of cells in Ctenophora to allow us to speculate about the nature of the ancestor of the clade that includes Ctenophora, Placozoa, Cnidaria, and Bilateria. Based on shared features of Placozoa, Cnidaria, and Bilateria, it appears likely that their progenitor digested food extracellularly and had a digestive epithelium containing absorptive cells with a motile cilium and apical microvilli, cells that secreted digestive enzymes, mucocytes, and peptidergic sensory secretory cells. It may have had cells that secreted both mucous and a peptide used for intercellular communication, as appears to be the case for type 2 gland cells in Trichoplax. Regulated secretion by the sensory cells was calcium-dependent and mediated by proteins homologous to secretory proteins of neurons and endocrine cells of bilaterians. The epithelial cells were joined by adherens junctions and likely were contractile. The different cell types probably were arranged in distinctive patterns within the epithelium appropriate to their roles in feeding. Patterning may have been accomplished by the many developmental genes shared by Placozoa, Cnidaria, and Bilateria (DuBuc et al. 2019; Srivastava et al. 2008) .
Some have argued that the ancestor of animals with internal digestive systems may have been a pelagic filter-feeder that was shaped like a sac with an internal digestive cavity and an opening to the outside for ingesting food and expelling waste (Haeckel 1874; reviewed by Nielsen 2008; Syed and Schierwater 2002b) . We favor an alternative hypothesis (Arendt et al. 2015; Nielsen 2008; Schierwater 2005; Sperling and Vinther 2010; Syed and Schierwater 2002a, b) that the ancestor was a benthic, placozoan-like organism that digested food on its exterior surface. If it was able to feed upon cyanobacteria and microalgae, as extant Placozoa can (Pearse and Voigt 2007; Smith et al. 2015) , it could have found sustenance in the microbial mats that covered the seafloor in photic areas of the oceans in the Neoproterozoic period during which Metazoa are thought to have evolved (Droser and Gehling 2015; Erwin 2015; Fedonkin 2003; Gehling et al. 2005; Gingras et al. 2011; Hoehler et al. 2001; Ivantsov 2013; Peterson et al. 2012; Xiao and Laflamme 2009 ). Cyanobacteria and algae, which are oxygenic photosynthesizers, occupied the top layer of the mats.
The oldest macroscopic fossils that are widely accepted as representing animals are found in association with microbial mats in Ediacaran sediments (575-542 Ma) (Erwin 2015; Fedonkin 2003; Gehling et al. 2005; Gingras et al. 2011; Hoehler et al. 2001; Ivantsov 2013; Peterson et al. 2012; Xiao and Laflamme 2009) . Some of these fossils are thought to represent stem cnidarians and bilaterians with internal digestive systems, muscles, and nervous systems while others had body plans very different from any extant animal. Dickinsoniids had flattened, metameric bodies with a distinct Fig. 4 Lipophil cells. a Electron micrographs of lipophil cells prepared by freezing and freeze substitution. They are packed with large granules and have one very large granule (vent gran) closely apposed to the plasma membrane at their apical end. Granules vary in their contents throughout the lipophil. b Deep in the cell body, granules are produced by the Golgi apparatus (lettering indicates probable order). c Unfixed frozen section through a lipophil granule shows that these granules actually have uniformly dense contents. d Live cell imaging of an isolated lipophil cell stained with a red lipophilic dye showing that granules are transported from the cell body anterogradely down processes. Scale bars (a), (b), (c)-2 μm, c-1 μm. Reproduced from (Smith et al. 2015) anterior and posterior, but no evidence of a mouth or internal digestive system. They ranged in size from less than a centimeter to over a meter. Although their phylogenetic position has been debated, the recent discovery that they contained cholesteroids provides strong evidence that they were animals (Bobrovskiy et al. 2018) . Their body fossils often are associated with a series of size-matched imprints that some have interpreted as evidence that they digested or decomposed the underlying microbial mat and were capable of intermittent autonomous movement (Droser and Gehling 2015; Fedonkin 2003; Gehling et al. 2005; Ivantsov 2011 ). Sperling and Vinther (2010) have argued that Dickinsoniids may represent stem placozoans or an extinct lineage that arose after Placazoa. The apparent complexity of these Ediacaran animals suggests that their lineages originated much earlier. Molecular clock analyses put the origin of Metazoa > 800 Ma and the origin of the clade that includes Placozoa, Cnidaria, and Bilateria~710 Ma (Erwin et al. 2011) . That the Ediacaran fossils are found in association with microbial mats supports the idea that their ancestors likely were benthic.
A benthic animal that fed by digesting food underneath its lower surface would benefit by being able to move, sense food, and coordinate the activities of its cells as appropriate for seeking food or eating it. The work we have reviewed here is beginning to provide a picture of how this can be accomplished in an animal with only a small number of morphologically distinct cell types and no nervous system. Future work comparing the functional and regulatory/ developmental genes in Trichoplax and other animals can be expected to provide insight into the evolution of differentiated cell types and how complex body plans arose from simpler ones. Immunofluorescence staining for an unidentified protein that is highly expressed in fiber cells (green). Anti-tubulin (red) stains cilia around the edge. Nuclei are blue. Scale bars, a-5 μm, (a) inset-0.5 μm, b-10 μm, and (b) inset-2 μm. Reproduced from (Smith et al. 2014 ) copyright 2014 with permission from Elsevier
